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“Don’t leave flavor physics just to flavor

physicists.”
[Someone Awesome (20197)]
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Lepton Flavor Universality (Violation)

Lepton flavor universality (LFU) demands that charged leptons
have (almost) identical interactions, only differ by their Yukawa
couplings and hence their masses.

However, in both flavor changing neutral current (FCNC) and
flavor changing neutral current (FCCC) processes

R BR(B — K®Wyutu) 1)
KO = BR(B — KMete)
_ BR(B — DYrv)
* 2
Fpe = BR(B — D) ’ 2)

R __ BR(B. — J/¢Tv)
1Y = BR(B, — J/vly)

LFU is challenged.
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B Anomalies Indicating LFUV

4 Datafor B’ and B* modes 1
I SM prediction

L
5 10 15

> (GeV?/c?) : N ] ’ RD)
Experimental SM Prediction Comments
Ry 0.846 0071 1.00£0.01  my € [1.0,6.0] GeV?, via BE.
Ry 0.6970 22 0.996 & 0.002  my € [1.1,6.0] GeV?, via B°.
Ry 0.86701140.05 ~1 my € [0.1,6.0] GeV?, via A,.
Rp 0.340 £0.030  0.299 =+ 0.003 B° and B* combined.
Rp- 0.295 4 0.014 0.258 4 0.005 B° and B* combined.

Ry 071£0.17£0.18 0.25-0.28
[Tanabashi et al., 2018][Altmannshofer et al., 2018][Aaij et al., 2021][Aaij et al., 2020].
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LFUV in BSM: Simplified Models (LO)

Induced by two types of heavy mediators:

() n 1744 {)y

b /s b c/s

Colorless Mediators Colored Mediators (Leptoquarks)
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Flavor Physics at the Z Pole

Channel Belle |1 LHCb Giga-Z (10 Z) Tera-Z (102 Z)
BY BY 53x1010 ~6x10® 1.2 x 108 1.2 x 10T
Z Factory 2 Flavor BY  56x1010 ~6x101  1.2x 108 1.2 x 1011
Factory Bs, Bs  57x10% ~2x10'3 3.2 x 107 3.2 x 1010
BE - ~ 4 x 101 2.2 x 10° 2.2 x 108
. Ay, A - ~2x 1013 1.0 x 107 1.0 x 1010
Particle-ID D Flavor-ID! oz 26x 10 > 1014 94 % 108 04 % 1011
rt, r—  9x101° - 7.4 x 107 7.4 x 1010

Top-Factory
Higgs-Factory

W-Factory
KLOE  BESII  Belell Tera-Z
mg  my My Myss Mz Myiz Scale o
L EP ATLAS/CMS
L H C b
. VS. Hadron Colliders
VS. B Factories S
. » Clean environment
» Much higher b quark boost
» Direct missing momenta
» Abundant heavy b hadron &

measurement
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Key Detector Features for Flavor Physics

Tracking sys, grants O(10) fs sensitivity.

> High time precision for CPV measurements.
> Authentic ¢/7 reconstruction inside a jet.

> Greater acceptance for displaced signals.

absolute momentum p [GeVic]

Advanced PID coming from the combination of
dE(N)/dx method, time resolution and calorimetry: @ © - - 8
> Flavor tagging for everything. @/”/// *—: z
> Suppressing backgrounds in general. _.E) @ \ “*w*miﬂ
» Clean leptonic/baryonic modes. v ® O e T
e st w0503 | 2 Jo0n Calorimetry gives neutral energy and angular resolution.
L\mw::f‘:w_m / > Better p measurement for neutrinos.

anRasanaaassa c
e

W0y

> Excited states such as D} and radiative decays.

> Distinguishing 7°/n..., allowing h®X modes.
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Pinning Down B Anomalies

Signal hemisphere !
>
N v
Point of
% closest

& % approach
Lrees

_;lq_'

b-hadron P\
jet /
47 non-bjet/soft tracks

b-hadron jet thrust axis

Tag hemisphere

tag-hemisphere
Charged current b — cTv
decays [Zheng et al., 2020,
Ambhis et al., 2021].

Neutral current b — s77

: ’ Neutral current Bs — ¢vo
decays [Li and Liu, 2020].

decay [In preparation]
Absolute precision < 10~6:

~ 10% — 10* improvement from
current limits.

Absolute precision ~ 10~4

Unique opportunities at the Z-pole
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LFU Test with b — s77 Measurements

Current b — cTrv anomalies indicate large enhancement of
b — STT rates. [Capdevila et al., 2018]

Current experiment constraint on BR O(10729)

5C7 = —5C7,

27V, Rx 1
AV Vi RM

~ 0(10) x Cg N,

0 Ry &Ry 2
B Rywm&Rw 1
B Br[Bs>11]

8 W Br[B-K"'t1]
B Br[B-Kr1]
O Br[Bs»¢rt1]

2 %
01.71 ; 1.2 13 14 RX/R§M1:5 05(10) = %[g’prb] [7_"7u(75)7'] )
From SM (O(1077)) to O(107%) Ofta0) = 7= [V Prbl[77:(v")7]
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Overwhelmingly Large SM Backgrounds

Dominant background from inclusive D( )
hadronic decays:

Properties Decay Mode BR

. L + m = 1.777 GeV rErEaty 9.3%

e B i cr = 87.0 um rErEn Ty 4.6%

Ty 5.5%

; Pt _ L o o 0.6%

. Dsi m - 11;)168 GeV kT L6%

L_,, B->K*TT = ot am rErErTRY 0.3%

pv = nt iww 1.2%

Dt m = 1.870 GeV wi;iflrjﬁr“ <10.'11\,%7%

Use 7 3-prong decay to er =311 ym rErtaTKY 3.0%

locate each vertex
Background types Typical BR

b—ces (eg. B, — K*DTDM-) 01072 - 1073)

b—crv  (eg B° — KD "r+y) (9(10 3 _ 10 5)

b—cud (eg B°— DW~—rtatr=) O(10~ 073)
)

Background overwhelming (O(10%) larger before cuts) rather than
background free!
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Efforts to Remove Backgrounds

10 ~ . Good calorimetry saves the day!
[ — - STT | |
co 8’ — b crv| |
S ° —b-ces | Quite environment at the Z pole,
>3 s - . . . .
2 | using isolation variables to veto
3 0.6t .
o extra neutral particles (e.g. from
© I
L D, — m*nEnT 4+ naP) and
© V.af .
E displaced K7.
2 |
0.2
0.0 More advanced calorimetry: even
0 5 10 " 20 better (e.g. m° reconstruction)?
Iy [GeV]

Lingfeng Li Flavour Physics at the Z pole Nov. 3, 2021 11/19



More details in the published work [Li and Liu, 2020]:

Sensitivity on BR

» Traditional cut-based analysis: O(107° — 10~7) precision.

0.010F oo 20
el
W Lico [H Tera-Z
0.001} m giga.z B f0xTera-Z | Y
W Tera-Z 10 Z
1074} B roTeaz| g 4 I \4 4
¥ 4
10° 0
1078 7 Ty A
-10) EZ
107
=20 . .
B'K0t 1t Bosgr't BsK'T'T BTt 6Cg 6C, Cy Cio

» Still affected by limited detector spacial resolution ( “V" symbols):
Motivation for detector R&D!

> EFT-wise way beyond current experimental constraints (O(10%)).
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b — svv transitions also important for B anomalies. Related
with b — ¢ (0)v and b — sT7(¢0) via gauge invariance.

signal-hemisphere K+

Experimental SM Prediction
BR(B" = K%i) <2.6x107° (2.17+0.30) x 107°
BR(B® — K*'ui) < 1.8x 1075 (9.48 +1.10) x 10~° \.BJ
BR(B* — K*vp) <1.6x10™° (4.6840.64) x 107 o
BR(B* - K**up) <4.0x 10 (10.22+ 1.19) x 10~ \
BR(B, = ¢vi)  <54x107% (9.93+0.72) x 1076

[Tanabashi et al., 2018, Straub, 2015, Geng and Liu, 2003]

bthrust
tag-hemisphere

Current limit of this channel still led by LEP: (limited production
at B factories, p, not achievable at hadron colliders).

Most likely to have breakthrough at Z factories. Based on full
simulation.
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Rare FCNC Decays: B; — ¢vv (Prelim.)

The dominant background comes from B — D™ ((7)v,

D™ — ¢ X with no lepton tagged.

o
£

———
L —+- signal Data J
015 - Bkg Data —<}—+ —
r [ signal MmC + 1
£ [ -+ i
Q0 —
.% ] e ]
0 O ‘\\J 7
o 5 10
Kinematic differences inspired by LEP @ (GeV)
measurements. Error of ¢ = m2, ~ 2.5 GeV? only.
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Rare FCNC Decays: B; — ¢vv (Prelim.)

Cuts wit + dd + s5 e bb total bkg S+ B/S (%)

CEPC events (10"°2) 3.0: 4.28 x 10" 1.20 x 10" 151 x 10" 6.99 x 10" 276

Nysxtr—) >0 124 x10°  1.27x 10" 723x10° 856 x 107  2.85x 10" 136

nal ¢ 9.00 x 10" 1.39 x 10° 1.55 x 10° 3.14 x 10  6.08 x 10” 86.7

Energy asymmetry > 8 GeV 7.61 x 10T 2.97 x 10 3.61 x 10° 9.05 x 10 1.56 x 107 51.9

Energy total < 85 GeV 7.36 x 10 6.28 x 107 1.16 x 10° 4.65x 10°  6.44 x 10° 34.5

EY. > 28 GeV 6.40 x 10*  1.77 x 107 3.03 x 107 8.83x 107  1.36 x 10° 18.2

a<1.0 434 x 10" 6.22 x 10° 6.42 x 10° 1.00 x 107 2.26 x 107 11.0

b-tag > 0.6 3.34x 10" <2.0x 10* 2.54 x 10° 6.44 x 10°  6.69 x 10° 7.76

E, <12 GeV and E. < 1.2 GeV  3.02 x 10* - 1.08 x 10° 2.33x 10 2.44 x 10° 5.20

(1—o)/05" < 2.0 2.04 x 10" - 2.82 x 10" 453 x 10°  4.81 x 10° 347

q° < 9.0 GeV 1.27 x 107 - 1.11 x 107 548 x 10T 6.59 x 107 2.20

BDT response> .29 1.23 x 10" - <2x10* 1.65 x 107 < 1.85 x 10* 1.43
Efficiency 1.06% - <167 x10° 1.09x10 7 265x 10

~ 1% relative (~ 1077 absolute) precision

2 T T — Accuracy

< [JBackground ~-- Up limit in experiment

Zsomo [ B m= SM prediction band
£ [Dsignal s |
= i
o i
g0 i
& i
00 2 i
& ;
2 4 '
200 |
i
: 1
1000 !
i
i
o b i

02 o 02 04 06 %o Tos To To= To
BDT Br(B.~gvi)
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Further LFU Tests with FCCC (Prelim).

By Improved reconstruction quality, also
5 B ~Jlyu* v | p q Y,
5 Bkg. 71 . . .
2 B ] expecting lower combinatoric bkg and
g = )
3 [ mis-1D.
: T
5 ‘ _ : .
4 d i < -
o | 2 E
> 3
0 10 ZEOB [Gea(; 40 50 > LHCb —_
O —— Data ]
O Mis-ID bkg. 7
= J/p comb. bkg ]
Bl =jlyTtHv =z B — x (IP)I'v, —
5 B ~Jlyutv > = Z :ff::;\ 3
3 Bkg. 8 W //p +1 comb. bkg. ]
5 _g W B, - pH]! ]
] ot W B! - y2Si'v,
o o .
& £ 1000 i%h =
= 3
~ e =
= iy >®5
-10 -5 0‘ 5 1 . 10 E 0
Miies [GeV2] ek 0 5 10
m?_ [GeV?/c*]
miss

Ry measurement with
T = pvv, J/Y — pp
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Further LFU Tests with FCCC (1) (Prelim).

Angles between theoretical sensitivity 0o, I'(b — c7v) in the 5-D
theory space:

0 |[Jw)| D | D* | D, | Dr | Ay | B.
J@) | - [ 103° [3.01° | 109° | 1.96° | 22.9° | 81.8°
D [103° | - | 102° | 6.55° | 102° | 82.8° | 90°
D* [3.01°] 102° | - | 107° | 4.45° | 20.6° | 81.2°
D, | 109° [ 6.55° | 107° | - | 108° | 88° | 90°
Dr [1.96° | 102° [ 4.45° | 108° | - |23.3° | 82.8°
A, | 22.9° | 82.8° | 20.6° | 88° |23.3° | - | 79.6°

B. | 81.8 | 90° |81.2°| 90° |82.8° | 79.6°| -

Vector (from R/, and RD(*Q)), pseudoscalar (from Rp ), baryonic (from
Ry_) and annihilation (from B, — Tv, see also [Zheng et al., 2020]) decays
are all necessary.

Lingfeng Li Flavour Physics at the Z pole Nov. 3, 2021 17 /19



SMEFT Projections (Prelim).

Preliminary: 9 effective
channels:(R;/y, Rp,,
RD;g, RAC, B. — tv,
B — Kvv, By — ovv,

for unitary couplings.

@ ® o @ -‘ =

ajiooooooo%

Q B —» Krr,
g BT — K7,

@ ok By — 77...)
- 0 @ \

< Dim-6 SMEFT basis
® e o JH L at NP scale A=3 TeV.
- 0 @ ¢ @ \ Probimg ~ 10 TeV scale
- 0 =@

sssssssssssssssssssssss
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» Flavor physics is related to BSM, SM precision tests, pQCD,
lattice, ... everything! Tera-Z is the bridge.
» Flavor studies at the Z-pole benefit from:

© Large luminosity (from accelerator physics)
© Clean environment and moderate energy (from my)
© Good or even revolutionary detectors (from detector R&D)

» New collider/detector at the precision era: new challenges!

© LFUV, LFV, LNV, BNV...

@ CKM and CPV measurements...

© Precision (7) physics...

© Exotics, spectroscopy, double heavy flavor...
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